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Theeffect of uptosix cumulativeexposuresto thermalspikes, eachof 10s duration,on
Kevlar49fibreshas beenanalysed.X-raydata showthatexposuresto spikes
correspondingto T's::::400°Ccause changesatthelevelof the crystal lattice.At and above
500°C,severesurfacedamagessuch as introductionof longitudinalopenings, peel-offsand
extraneousmaterialarefoundto occur.The tensilepropertiesof the spike-exposedfibres
manifestchangeswhich conformwellwith the structuralchanges.As in the caseof
prolongedthermalexposures,the spikeinducedeffectsare alsocontrolled bytwo
parameters,viz.,the temperatureandthedurationofthe cumulativeexposure.The data
from spike exposedfibresindicatethatthe thermallyinduced changesin thestructuraland
tensilecharacteristicsgetinitiatedatthevery earlystagesof thermalexposureviz., of the
orderof 10s. @ 2000KluwerAcademicPublishers .
1. Introduction
It wasshownearlier[1,2] thatprolongedthermalex-
posuresof theorderof fewhundredsof hoursleadto
changesin thetensileaswellasthestructuralcharac-
teristicsof Kevlar49fibres.Thechangesin thetensile
propertieswerefoundtoconformwiththecorrespond-
ingchangesinthestructuralcharacteristics.Thepresent
studyconcernstheeffectof thermalspikesonKevlar
49fibres.A thermalspikemaybedefinedasasudden
shootingup of temperaturefromambientconditions
andlastingforveryshortdurationsof theorderof few
seconds.Sufferingthennalspikescouldbeaccidental.
As is well known,Kevlar49fibresarerecommended
for useatelevatedtemperatures[3].In thecourseof
anyhigh temperatureapplication,anyunprecedented
fluctuationinthelinevoltagewhichisbeyondthecon-
trollingcapabilitiesof a stabiliser,cancauseacorre-
spondingthermalspike.Also,whilehandling,acciden-
talproximitytoa hightemperaturesourcesuchas a
furnaceor flamecanalsohavetheeffectof athermal
spike.Quiteapartfromtheabovementionedacciden-
talexposurestothermalspikes,if it is requiredtouse
acomponentmadeof Kevlarfibresbeyondtherecom-
mendedhighestemperatureforonly10or 20s,what
sortof losseswill beincurred?Thesequestionswere
addressedbyusandthispapereportstheeffectofexpo-
suretosuchthermalspikes,accidentalorintentional,on
Kevlar49fibreswithfocusingofattentiononthestruc-
turalcharacteristics.A preliminaryreportconcerning
theeffectof thermalspikesonKevlar'stensilecharac-
teristicsandsomeaspectsof micrographshasrecently
appearedaspartof aconferenceproceedings[4].This
paperpresentsthedetailsof thestructuralchangesoc-
curringatthelevelof thecrystalattice,derivedfrom
* Authorto whomallcorrespondenceshouldbeaddressed.
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X-raydiffractionexperiments.Detailedinfonnationon
themacrochangesdecipheredfrombothopticaland
scanningelectronmicroscopy(SEM) havealsobeenin-
cluded.Correlationbetweentensileandstructuralchar-
acteristicshasbeenexamined.It mustbeemphasised
thathepresentstudyconcernsprimarilywiththephys-
icalchangeswhichaccompanyexposureof Kevlar49
fibrestothennalspikes.
2. Experimental details
In thepresentstudy,thetemperature(T) of thespike
waschosen,deliberately,to be closeandbeyondthe
recommendedlimitoftheservicerangeviz., from300
to700°C.Thedurationof apulsewaschosen,arbitrar-
ily,tobe 10 s. Productionof a spike/pulsewithpre-
ciselycontrolledtemperatureanddurationis indeed
a formidabletask.Hence,to achievetheeffectof a
thermalspike,a slightlydifferentprocedurewasfol-
lowed.Insteadof producinga spikecorrespondingto
temperatureT, a thermalenvironmentmaintainedat
T wascreatedandthefibreretainedatambientem-
peraturewassuddenlyexposedtothisenvironmentfor
precisely10 s. Thus,thefibre experiencesa sudden
shootingupof temperaturefor durationscharacteristic
ofaspike.To createthethennalenvironment,atubular
resistancefurnacewithnichromewireastheheating
elementwasused.By employingaproportionalinte-
graldifferential(PID)controller,thetemperatureofthe
furnacecouldbecontrolledandmaintainedtoanaccu-
racyof ::f::I 0 C. Thetemperaturewasmeasuredusinga
chromelalumelthermocouple.Foreachexperiment,a
bundleof Kevlar49fibres,~50 mmlongand~I mm
thickwasused.Toensurethatall thefilamentsinthe
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bundlexperiencedtherequiredthennalexposure,they
werelaterallyspreadontheoutersurfaceof a quartz
tubeandthus,overlapbetweenfilamentswhichin turn,
canleadto
f
artialshieldingfromtheheatsource,~as
minimised.Isotoavoiddisplacementof fibresdunng
theexposu£', oneendof thebundlewasclampedon
to thetubewith thehelpof a metallicclip.The fibres
whichwereheldundersuchpartialconstraintoccupied
theregionnearoneendof thequartztube.Thequartz
tubewasinsertedintothefurnaceheldstabilisedatthe
requiredtemperature.Thefibresreachingthecentreof
theconstanttemperaturezoneof thefurnacewereal-
lowedtostaythereforpreciselyto s afterwhichthe
quartztubewaspulledoutofthefurnaceandaircooled.
It mustbeemphasisedthatinordertominimisethermal
exposuresotherthantherequiredlOs,theprocessesof
insertingthequartztubeandsubsequentremovalwere
carriedoutveryfast.Typically,it took<2stocarryout
theseoperations.Thefibreswereexposedtouptosix
cumulativespikes.
EquatorialX-raydiffractionpatternsfrom fibres,
bothpriorto andatvariousstagesof thecumulative
exposureto spikes,wererecordedusinga manually
operatedPhilipspowderdiffractometer.CopperKa ra-
diationandagraphitemonochromatorinthediffracted
beamwereused.Sampleswerepopdattheratesof
1/4and1°perminutefortheslowandthefastscansre-
spectively.Thechartspeedwas10mmperminute.The
diffractionpatternswererestrictedtothe2erangeof 15
to27°whichincludedthetwomostintensereflections
in thediffractionpatternfromKevlar.viz.,(200)and
(110).The20 valueswereestimatedbythemidpoint
chordextrapolationmethod[5].Thetotalintegratedin-
tensityin the2e range15to 27°wasmeasuredusing
a digitiser.Valuesof thefull widthathalfmaximum
(FWHM)wereestimatedmanuallyusingascale.As in
thisanalysis,onlyrelativevalueswerebeingexamined,
noattemptwasmadetoseparatetheslightlyoverlap-
pingprofiles.For someof theheattreatedsamples,in
additiontothediffractometerscans,transmissionLaue
photographswerealsorecordedtoidentifythechanges
inmolecularalignment.
Forexaminingthesurfacecharacteristics,aNeophot
opticalmicroscopeandaJeol scanningelectronmicro-
scopewereused.Tensiletestingofsinglefilamentswas
carriedouton aZwickuniversaltestingmachine.Fila-
ments::::::25mmingaugelengthwerepulledin tension
attherateof 2.5mmperminute.Thechartspeedused
was60mmper minute.For eachexperiment,atleast
50filamentswereexaminedandtheaveragevaluewas
workedout.For eachof thechosentemperatures,ten-
siletestingwascarriedoutonlyforsampleswhichhave
experiencedoneandsixspikesrespectively.It mustbe
mentionedthattoavoidartefactsarisingfromhandling,
specialcarewasexercisedtoensurethathefibreswere
nottwisted,bentetc.In particular,thesamplesexam-
inedinmicroscopewerecarefullyhandled.
3. Resultsanddiscussion
3.1.Crystallographicdata
Examinationof theX-raydiffractionpatternshowed
thatat T's < 400°C, thermalspikeshadnegligible
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Figure 1 The(110)and(200) diffractionprofiles fromKevlar49 fibres
(a) prior toexposureto spikesandafterexposureto asinglespike(10s)
at (b) 300(c)400(d) 500 (e) 600and(f) 700°C.
influenceontheoverallcharacteristicsof thepattern.
Figs 1and2comparethediffractionprofilesrecorded
from samplesprior to heattreatmentwiththoseex-
posedtooneandsix thennalspikesrespectively.The
mostconspicuousfeatureisthatin all thepatterns,the
reflections(200)and(110)occurclosetotheexpected
20valuestherebyshowingthatheinitialcrystalstruc-
tureof Kevlarissubstantiallyunaffectedbythethennal
spikes.Thepatterns,however,includeminorchanges
in theircharacteristics,thedetailsandimplicationsof
whicharedescribedin thefollowingsections.
3.1.1.2evalues
Fig. 3 showsthespike- inducedshiftsin the2()val-
ues.Forboththereflections,theshifts,thoughsmall,
aretowardsthelowerangleside,indicatinganincrease
in thecorrespondingd values.Fig. 3 alsoshowsthat
for anyvalueof tcum(T),the2()valuesexhibita pro-
gressivedecreasewith increasein T. Theeffectof the
numberofspikesonthe28valuesis conspicuousonly
at600and700°C.In anycase,theobservedshiftsin-
dicatethattheresidualeffectof exposureto thennal
spikesisanincreasein thebasalplanedimensionsof
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(lOs) Figure 2 The (lW) and(200) diffractionprofilesfrom Kevlar49 fibres
(a)prior to exposuretospikesandaftercumulative xposuretosixspikes
at (b) 300 (c) 400(d) 500(e) 600 and(f) 700°C.
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Figure 3 Observedshifts in the 28 values.
thecrystallattice.Anotherinterestingfeatureis that
atanystageofexposuretothespikes,theshiftin the
28(200)valueismorethanthatinthe28valueoftheother
equatorialreflection,viz., (110).This differencemay
beattributedtothecomparativelyweakvanderWaal's
forceswhichexistbetweenadjacent(hOO)planes,in
thecrystalstructure[6].Thermalpulsesof 10s dura-
tionappeartobesufficientto weakenfurthertheseal-
readyweakinteractionsandincreasethed(2oo)spacing.
Thus,theincreaseinthebasalplanedimensionarises
primarilyfromtheincreasein theadimension.Fig.4
depictstheprogressiveincreasein theratioa/ao,where
aoanda representthevaluesof theunitcelldimension
priortoandafterthermalexposure,respectively.It is
observedthatexposuretosixspikesat700°Cincreases
thedimensionby::::;2.4%.
Theparameterwhichis closelyrelatedto the2e
valuesis the angularseparation,1l(2e)=(28)(200)-
(2e)(l10),Fig. 5 depictsthe influenceof both T as
wellastcum(T)ontheangularseparation.Thecorrela-
tionbetweenthedecreasein theangularseparationof
thesequatorialreflectionsandreductionin thetensile
strengthof Kevlarfibreshasbeenreportedearlier[7].
Combiningthis informationwith thedatain Fig. 5,it
1.025
1
60
Figure4 Fractionalvariationintheunitcell dimensiona, Here,aorefers
to thevalue,prior to exposureto spikes.
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maybesurmisedthathetensilestrengthsof thespike-
exposedfibresarereduced.Sucha reductionhasin-
deedbeenconfirmedexperimentally.Fig. 6 showsthe
decreasingtrendin thetensilestrength.It is alsocon-
spicuousthatatboth600and700°C,theeffectof six
cumulativespikesisstrikinglymorethanthatofasingle
spike.
3.1.2. FWHM
In additionto theshiftsin the28values,thefullwidth
athalfmaximum(FWHM/halfwidths)of thediffrac-
tionprofilesarealsoinfluencedbyexposuretospikes.
Fig.7presentsthefractionalvariationinthehalfwidths
(b) whichexhibita progressivesharpeningatT's >
400°C.It is interestingto notethatatthesetempera-
turesevenasinglespikecancausedetectablesharpen-
ingof thereflections.TheeffectsofbothT andtcum(T)
canbeappreciatedfromFig. 7.Thehalf widthval-
uesillustrateadifferencein thebehaviourof theequa-
torialreflections.It is foundthatthereflection(110)
sharpensmorethan(200).As pointedoutearlier[2],
thedifferencemaybeattributedtotheconcentrationof
non-bondedintermolecularinteractionsin thecrystal-
lographic(110)setofplanes.It iswellknown[8]that
sharpeningof reflectionsi associatedwithgrowthof
crystallitesand/orreductionin themicrostrainin the
crystalattice,bothof whichin turn,canimprovethe
tensilemodulusof thefibre.Theobservedsharpening
thussuggestshatexposuretothermalspikescouldhave
abeneficial,annealingtypeof effectwhichin turn,can
improvethetensilemodulusof thefibre.Valuesof the
tensilemoduluspresentedinFig.8showthatwithinthe
errorsofexperimentalmeasurement,fortcum(T) oflOs,
themodulustendstoincreasewithT. Thisfeatureis in
keepingwiththesharpeningof reflectionsobservedat
10s.However,for tcum(T)=60 s,themodulusexhibits
adecreasingtrend,afeaturenotinagreementwiththe
sharpeningwhichpersistsafterexposureto sixspikes
also.Thestructuralchangewhichcontributestosucha
decreaseinmoduluswillbedescribedin thefollowing
section.
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3.1.3. Azimuthal spread
In Kevlar fibres,theaverageangleof misalignment
of polymerchainsaboutthefibreaxis is reportedto
be ::::::;140[9].Fig. 9 comparesthe azimuthalspread
of reflectionsfromfibrespriorto heattreatmentwith
thoseexposedtospikesat700°C.The increasein the
azimuthalspreadis a clearindicationof spike- in-
ducedmolecularmisalignmentaboutthefibreaxis.
Suchmolecularmisalignmentcanbe expectedto re-
ducetheinitialtensilemodulusof thefibre.It appears
thereforethathebeneficialeffectsonthetensilemod-
ulus,arisingoutof crystallitegrowth/reductionin mi-
crostrain,describedearlier,areannulledatleastpar-
tially,bytheadverseffectofmolecularmisalignment.
Thetensilemodulusof thespike- exposedfibresthus
reflectthecombinedeffectofmolecularmisalignment
andcrystallitegrowth/reductioninmicrostrain.There-
ductionin tensilemodulusaccompanying60s of ex-
posureshowthatatthisstage,theeffectofmolecular
misalignmentoverridesthebeneficialeffectofcrystal-
litegrowth/reductioni microstrain.
Examinationof Figs 6 and8 furthershowsthatas
in thecaseof prolongedthermalexposures,theten-
sile strengthis moresensitiveto the spikesthanthe
modulus.
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Figure 9 Comparisonof theazimuthalspreadof reflections(a)prior to
exposureto spikes;(b)afterexposuretoasinglespikeat70()OC;(c) after
exposureto six spikesat700°C.
3.1.4. Intensities
Examinationof the integratedintensitiesmeasured
fromthe areasunderthe diffractionprofilesshows
thattheeffectsof neitherT nortcum(T)is significant
(Fig.10).Thenearlyinvariantintegratedintensitysug-
geststhatthecrystallinityof thefibreis notaffectedby
exposuretospikes.It is, however,noticedfromFigs I
and2thattherelativeintensitiesoftheequatorialreflec-
tionsareinfluencedby thespikes.Prior to heattreat-
ment,as is expected[6], thereflection(200) is more
intensethan(110).After exposureto a singlespike,
thedifferencebetweenthepeakintensitiesof thesetwo
reflectionsreduces(Fig. Ie). Thepatternsin Fig. ld-f
showthatafterexposureto asinglespikeat500,600
and700°Crespectively,thepeakintensitiesarenearly
equal.Similareffectsare foundin thepatternsfrom
fibresexposedtosix cumulativespikesalso (Fig.2).
At 30WC,theinitialinequality1(200)> I( llO)persists.
At 400and500GC,1(200)::::::;1(l10),whereasat600and
700°C,1(llOJ> 1(200)i.e.a reversalof thepeakintensi-
tiesoccur.Thesesubtlechangesintheintensitydistri-
butionsuggestheoccurrenceofsimilarsubtlechanges
in theatomicormoleculararrangementin thecrystal
structure,thedetailsof whichhavenot beenworked
outatpresent.
It mustbe pointedout thattheabovementioned
changesin thecrystalstructuralcharacteristicsandalso
thetensilepropertiesintroducedbyexposuretospikes
areverysimilartothoseaccompanyingprolongedther-
malexposuresof theorderof fewhundredsof hours
[1,2].This strikingsimilaritythrowslight in identi-
fying,on thetimescale,theinitiationof thethermally
inducedchanges.Thepresentdatastrongly suggestthat
thethermallyinducedchangesgetinitiatedatthevery
earlystagesof thennalexposure,viz., of theorderof
fewsecondsandtheyprogresswithfurthercontinuation
ofthermalexposures.
3.2.Macro changes
Inadditiontotheabovementionedfeaturesintroduced
atthelevelof thecrystalattice,exposuretothermal
1.2
0.8
0 20 40 60
tcum(T)(s)
Figure10 The nearinvarianceof theequatorialdiffraction intensity.Ao
andA representtheareasunderthe diffractionprofiles in the2&range
of 15to 27°, prior to andafterexposureto spikesrespectively.
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spikesleadtomacrochangesalso.OpticalandSEM
examinationfthespike- exposedfibreshowedthat
themacrofeaturesareprimarily,theextensivechanges
J
introducedonthesurfaceofthefibre.Themicrographs
in Figs 11-21presentherelevantdetails.The most
strikingfeaturesaretheintroductionof(i)longitudinal
openingsonthesurface(ii) localisedopeningsresem-
bling nodes(iii) ribbonlikepeeloffs (iv)extraneous
materiaionthesurfaceand(v)blackdiscoloration.De-
tailsof theseobservatiC}nsarepresentedbelow.It must
bementionedthatasinthecaseof thecrystallographic
changes,themacroeffectsarealsosignificantonlyat
T's > 400°C.In particular,atboth600and700°C,the
macrochangesareprominentwithboth10and60sof
exposures.At 500"C,althoughthemacrochangesare
FigureII Optical micrographshowing a longitudinalopening.
700°C,60s.
Figure 12 Theellipse-like openings,700°C. 60s.
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Figure 13 Portionsof the surface interconnectingadjacentelliptical
openings.700"C.60s-
Figure 14 Occurrenceof multiple openingsin a singlefibre.700"C.
10s.
detectable,theyarecomparativelylessseverethanat
600and700°C.
The opticalmicrographin Fig. 11 showsa typical
longitudinalopeningintroducedat 700°C.Although
theline representingtheopeningappearscontinuous,
it is reallynotso.The SEmicrograph(Fig.12)shows
thattheseeminglycontinuousopeninginFig.II isac-
tuallymadeupof severalsmall,ellipse-likeopenings.
Portionsof thefibresurfacewhichinterconnectadja-
cent,ellipticalopeningscanbeseenin Figs12and13.
Thesemicrographsfurthershowthatthelongitudinal
openingisnotquiteparalleltothefibreaxis.Theopen-
ingsfollowahelicalpath.Thepitchof thehelixisfound
tobe~350/Lm.Itmustbementionedthatinthecaseof
Kevlar149fibresDobbandRobson[9]haveobserveda
"."
...,1
p[["
figure 15 Localised node like openings indicated by arrows,
700"C, 10s.
Figure 16 Formation of ribbon-likepeel offs, 7()()OC,10s.
sinusoidaldistributionofellipticalholesonthesurface
of thefibre.In someparts,helicaldistributionhasalso
beenobservedbythem.Theyhaveassociatedtheoccur-
renceof thesevoidswiththeprocessingconditions.It
mustbepointedoutthatheshapeandtheorientationof
theopeningsin Figs12and13areverysimilartothose
observedby DobbandRobsononKevlar149fibres.
'ThisremarkablesimilaritysuggeststhatKevlarfibres,
whethertheyare49or149,haveaninherenttendency
to openupon thesurfacealonga linemadeup of the
ellipticalvoids.Thisfeatureis perhapsrelatedtosome
processingconditionswhicharecommontoboththe49
andthe149versionsofKevlar.FromFig.12,it maybe
seenthattheellipsesonthehelicalpatharequitereg-
Figure 17 Oneendof a peel-off is attachedto thesurfaceof the fibre,
600'C, 60s.
Figure 18 The elliptical openings seen under a peeled-offribbon.
. 700°C, 60s. .
ularlyspaced.The relativeorientationof theellipses,
however,changesin everyhalfturnof thehelicalpath.
Fig. 12clearlydepictsthechangein orientationof the
majoraxisoftheellipseby~90°,aftercrossinga turn
of thehelix.Theseregularitiesin thecharacteristics
of theellipsesuggesthattheiroccurrenceis perhaps
closelyrelatedtothedevelopmentof stressconcentra-
tionalongahelicalpath,duringthefabricationof the
fibre.Withtheavailabilityoftheexternalenergy,which
in thiscaseisthennal,localisedregionscorresponding
tostressconcentrationappeartoopenup.
As seeninthemicrographinFig. 14,often,multiple
longitudinalopeningsarealsointroducedin thesame
fibre.Inadditiontotheabovementionednearlycontin-
uous,longitudinalopenings,severallocalisednodelike
featureshavealsobeenobservedonthesurfaceof the
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Figure /9 Introductionof extraneousmaterial,closetothelongitudinal
openings,700°C, 10s.
spike--exposedfibres.Thedistributionof twoof these
hasbeenshownin Fig. 15.
Fig. 16depictstheformationof ribbonlikepeel-offs
on thesurface.Themicrographin Fig.17showsatyp-
ical peel-offoneendof whichis seenattachedto the
fibre.Often,thepeel-offsarefoundtowindroundthe
fibre(Figs16and18).Thewidthofthepeel-offsranges
from0.6to2t-tm.ThemicrographinFig.18alsorecords
the interestingfeatureof theellipticalopeningsseen
underapeeledoff ribbon.Kevlarfibresareknownto
haveaskin- corestructure[10,11].It is notunlikely
thatthepeel-offsintroducedby thethermalspikesare
connectedwiththeskinpartof thefibre.
Anotherinterestingobservationconcernstheintro-
ductionof substantialamountof extraneousmaterial
on thesurfaceof fibresexposedtospikesatT =700°C
(Fig. 19).Conspicuously,mostof thesematerialare
concentratedin thevicinityof thelongitudinalopen-
ing describedearlier.Sucha proximitystronglysug-
geststhepossibilitythatheseextraneousmaterialhave
evolvedfromwithinthefibre.It appearsthatexposures
to temperaturesof theorderof 700°Cfordurationsas
smallas10scantriggerchemicalreactionsin thepoly-
merwhichin turncanleadtotheformationandevolu-
tionofcomponentsfromwithin,viathesurfaceof the
fibre.Thedepositsseenin Fig. 19maybecorrelated
withsuchcomponentswhichhavesolidifiedonthesur-
face.Themicrographs(Fig. 20)showtwo piecesof
similarextraneousmaterialwhicharelyingawayfrom
thelongitudinalopening.In boththecases,dark,crater
likefeatureswereobservedrightbelow,suggestingthat
thematerialhasjustcomeoutoftheseopenings.These
cratershave,unfortunately,beennotclearlyreproduced
in themicrographs.Itmustbeadmittedthatnoattempt
wasmadetoidentifychemically,theextraneousmate-
rial.ItmustalsobementionedthatKalashniketal. [12]
havereportedtheformationof benzonitrile,aniline,
terephthalonitrileetc.whenthearamidwasexposed
to 510°Cfor about10minutes.It is notunlikelythat
5738
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Figure 20 (a)and(b) Extraneousmaterialfound away fromthelongi-
tudinalopening,700°C, 10s.
thesameorsimilarcompoundsarefonnedbyexposure
to thespikes.It mustbementionedthatcommercially
availableKevlarfibresincludesurfaceimpuritiesinthe
fonn of crystallinesalts[13,14].They are,however,
muchlessinnumbercomparedtothespikeinducedsur-
facematerialobservedinthepresentsetofexperiments.
Someof thespike- exposedfibreswerealsofound
to be characterisedby localisedcharringlblackening
(Fig. 21).Suchablackeningis notverysurprisingbe-
causethetemperatureof thespikeswhichleadto the
blackeningishigh,viz.,700°C.Theopticalmicrograph
(Fig.21)furthershowsthatblackeningisconcentrated
neartheopeningsdescribedearlier.It is likelythatloss
of solidmaterialneartheopeningsleadtoeasyand
enhanced,localisedcharring.
It mustbepointedoutthatthefeaturespresentedin
themicrographs(Figs11-21)pertainto600and700°C.
~
Figure 21 Blackening/charringalongthesurfaceopenings,700°C. 60s.
As mentionedearlier,at500°C,similarsurfacedam-
agesarefoundto occurbuttheyareverymuchless
severe.Forexample,thepeel-offsandsurfaceopen-
ingsareveryfew in numberandtherearenodeposits.
Thus, theseverityof thesurfacedamagesappearsto
getenhancedalmostdramatically,forspikesat600and
700°C.Thisbehaviourisveryconsistentwiththeob-
servedchangesin thetensilestrength(Fig.6) which
alsomanifestsaconspicuousdropat600and700°C.
It is likelythatmanyof thesurfacefeaturesof heat
treatedfibresarecloselyassociatedwithchemicalreac-
tionswhichfollow thethermalexposures.However,as
thepresentstudydoesnotincludethechemicalaspects,
furthercorrelationbetweenthephysicalandchemical
changescannotbeprovidedwiththeexistingdata.
4. Conclusion
Exposuretothermalspikes,accidentalornot,couldbe
detrimentalto the initial,exceptionalcharacteisticsof
Kevlar49fibres.SpikescorrespondingtoT's 2:400°C
causechangesat thelevelof thecrystalattice.In ad-
dition,macrochangesuchastheintroductionof lon-
gitudinalopenings,peeloffsandextraneousmaterial
on thesurfacealsogetintroduced.Changesinthestruc-
turalcharacteristicsof thespike- exposedfibrescon-
formwellwiththecorrespondingchangesinthetensile
properties.Thepresentdataprovideevidencethatthe
thermallyinducedchangesin thestructuralcharacter-
isticsandthetensilepropertiesgetinitiatedatthevery
earlystagesof thermalexposures,viz.,exposuresof
theorderof fewseconds.As in thecaseofprolonged
thermalexposuresof theorderof severalhundredsof
hours,thetensilestrengthof thefibreis foundto be
moresensitivetothermalspikesthanthemodulus.The
spikeinducedeffectsarecontrolledbytwoparameters
viz., T andtcum(T).
Acknowledgements
The authorswish to expresstheirsincerethanksto
theAeronauticalResearchandDevelopmentBoardof
India for thegrantof a projectunderwhichthework
hasbeencarriedout.Oneof theauthors(RYI) thanks
theCouncilofScientificandIndustrialResearchof In-
dia for theawardof a seniorresearchfellowship.The
authorswishtothankDr.T.A. Bhaskaranforrecording
thescanningelectronmicrographs.TheyalsothankMr.
M. A. Parameswarafor thehelprenderedin recording
theopticalmicrographs.Theauthorsareindeedgrate-
ful to Mr. G.BasavarajandDr.N. Balasubramanianof
EverestBuildingProductsforthetensiletesting.They
alsothankDr.A. K. Singhfor supportandhelp.The
authorsalsothankthe refereefor themanyvaluable
suggestions.
References
1. H. V. PARIMALAandK. VIJAYAN.J.MatuSci.Lett.12
(1993) 99.
2. R. V. [YER and K. V IJ A YAN, in "Polymer ScienceRecent
Advances,Vo\. 1,"editedby 1.S. Bhardwaj(Allied Pub!.Ltd., New
Delhi, 1994)p.362.
3. DuPont bulletin(1974)K-I.
4. R. V. [YER andK. V [J A Y AN, in "MacromoleculesNew Fron-
tiers, Vo!.2,"editedby K. S. V. Srinivasan(Allied Pub\.Ltd., New
Delhi,1998)p.847.
5.1. A. BEARDEN,Phys. Rev.43 (1933)92.
6. M. G. NORTHOLT,Eur.Polym.J.10(1974)799.
7. H. V. PARIMALA,M. SHUBHAandKALYAN[ VIJAYAN,
J. Mater. Sci.Lett.10 (1991) 1377.
8. B. D. CULLITY, in "Elementsof X-ray Diffraction"(Addison-
Wesley PublishingCo. Inc., New York, 1978)p. 102.
9. M. G. DOBB and R. M. ROBSON, J. Mater.Sci. 25 (1990)
459.
10. M. PANAR, A. A V AK[AN, R. C. BLUME, K. H.
GARDNER,T. D. GIERKEandH. H. YANG,J.Polym.Sci.,
Polym. Phys.Ed. 21 (1983) 1955.
11. R. 1. MORGAN,C. O. PRUNEDAandw. 1. STEELE, ibid.
21 (1983) 1757.
12. A. T. KALASHN[K, N. P. PANIKAROVA, YE. V.
DOYBH, G. V. KOZH[NA, V. D. KALMYKOYA and
s. P. PAPKOV, Polym. Sci. USSR.19 (1978)3173.
13. K. VIJAYAN,Curr. Sci. 56(1987) 1055.
14. R. 1. MORGAN and C. O. PRUNEDA, Polymer28 (1987)
340.
Received29July 1998
andaccepted24April 2000
5739
